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Abstract
Wind energy, along with other renewable energy sources, has become an alternative to traditional energy sources to meet the 
growing energy demand. Wind energy is considered to be one of the cleanest sources of energy. Wind energy sustainability 
focuses on a balance between economic, social and environmental objectives. However, wind energy faces various challenges 
associated to sustainability. This paper presents a way to analyze wind energy sustainability using a systems thinking approach. 
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1. Introduction
Sustainability is defined as “development that meets the needs of the present without compromising the ability of 
future generations to meet their own needs”1. The United Nations2 recognizes major components of sustainability to 
be social development, economic development and environmental protection. These are described as “three 
interdependent and mutually reinforcing pillars”2.
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Renewable energy sources are considered a cleaner way to produce energy. Renewable energy sources emit a 
reduced amount of greenhouse gases compared to traditional sources of energy. However, there are negative impacts 
associated to their use that have to be considered to ensure a more sustainable energy system as a whole.
Wind energy, along with other renewable energy sources, has become an alternative to traditional energy sources 
to meet energy demand. Wind energy is one of the fastest growing renewable energy sources worldwide3. However, 
wind energy also faces multiple challenges related to the three key sustainability pillars (social, economic, and 
environmental). Wind energy competes with traditional electricity generation for market share. Wind energy 
projects may compete with other uses of the land. Negative environmental impacts from a wind energy project can 
increase local community opposition. To achieve overall energy system sustainability, it is crucial to achieve wind 
energy sustainability.
Systems engineering deals with sustainability concerns from system concept through disposal. Systems 
engineering addresses complex systems. Systems engineering provides methods, including systems thinking 
methods, that facilitate the understanding of complex systems. An objective of systems engineering is to better 
understand the structure of a system and its behavior. Systems engineering focuses on understanding key elements of 
the system and the interaction between elements within the system and its environment. The energy system can be 
considered a complex system of systems. Systems engineering can help to address the sustainability challenges 
related to energy systems. Snyder4 highlights the need to apply systems engineering to transition to sustainable 
energy systems since a systems engineering process could help in the planning, development and implementation of 
new technologies as well as in dealing with the heterogeneous set of stakeholders in today’s energy systems.
A systems thinking approach is used to analyze wind energy sustainability. A causal model was developed to 
illustrate factors and factor relationships related to wind energy sustainability. The purpose of the causal model is to 
serve as an aid for decision makers to analyze the impacts of their decisions. 
Section 2 of the paper provides a brief overview of energy system sustainability. Section 3 presents an overview 
of wind energy sustainability and why it is important. Section 4 provides background information related to systems 
thinking. Causal model background information is presented in section 5. The wind energy causal model is presented 
in section 6. Causal model factor definitions and factor relationships are also included in this section. Section 7 
discusses the model validation process. Section 8 provides a summary of the paper and future work.
2. Energy system sustainability
The availability of energy is critical to ensure economic and societal development5, 6. The energy system can be 
considered as a system of systems. The energy system of systems is composed of multiple systems, each capable of 
performing their functions in isolation, but interconnected for a common goal, to provide energy products to end 
users. The energy system is dynamic and continuously evolving. Multiple subsystem configurations coexist while 
transitioning to a more sustainable energy system. Different sources of energy are required to work in 
interconnected systems. A heterogeneous set of stakeholders with different objectives, and a continuous integration 
of additional elements to the energy system of systems contribute to the complexity of the energy system.
Leveraging the WCED1 sustainability definition, energy sustainability can be defined as an energy system that 
meets the needs of the present without compromising the ability of future generations to meet their own needs. A 
balance among economic, social and environmental pillars is required for a sustainable energy system.
The energy system faces various challenges. According to the International Energy Agency 7, the energy sector is 
responsible for the largest amount of greenhouse gas emissions in the world. Other concerns related to energy are 
environmental damage, potential adverse health effects in communities where energy facilities are located, and 
depletion of traditional energy resources. Some of these challenges also apply to wind energy systems. In this paper 
the authors focus on one system of the system of systems, wind energy.
3. Wind energy sustainability
Wind power generation has 125 years of history8. The behavior of the development and use of wind energy has 
been associated with fluctuation in oil prices and supply9. Wind energy is considered to be one of the cleanest 
sources of energy. However, wind energy faces various challenges. Due to the nature of wind, wind energy 
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generation is an intermittent source of energy, and not always available when required. Bird and bat strikes, and 
aesthetic impacts are other concerns. The best sites for wind projects are usually located in rural areas, far from load 
centers. This distance causes a need to build transmissions lines to load centers that add a significant amount to the 
cost of wind projects.
Wind energy sustainability is important. Wind energy is one of the fastest growing renewable energy sources3.
The number of these kinds of projects has been continuously growing worldwide. Wind energy capacity has doubled 
in a three year period for more than a decade, with the exception of last year (2012)10. The expectation is that the 
number of onshore and offshore wind energy projects keeps growing over time, driven by the climate change debate 
and interest in greenhouse gas emissions reduction, depletion of fossil fuel resources, a growing awareness of the 
level of hazardous risks related to other alternative sources of energy, such as nuclear energy, and technology 
advances related to wind energy10. It is important to understand the impact of wind energy systems. Mitigation plans 
could be put in place to avoid or minimize negative impacts such as birds and bat strikes, noise, electromagnetic 
interference, etc. Policies and regulations could effectively support the development of a sustainable wind energy 
system that in turn supports the development of more sustainable energy systems and communities.
4. Systems thinking
Systems thinking enables us to better understand complex systems. This methodology helps to provide a holistic 
view11. Understanding that the elements of a system do not act in isolation, and that overall outcome would be the 
result of the various interactions among a system’s elements, allows us to have a broader perspective of the problem 
and potentially find solutions that would benefit the system as a whole. Systems thinking has been identified as 
“essential to explore opportunities to leverage technology deployments within existing and new energy 
infrastructure”12 . A system thinking approach can be used to address the sustainability of wind energy. Systems 
thinking can be used to study the different factor interactions related to wind energy sustainability.
System dynamics, developed by Forrester13, helps individuals to comprehend the complicated interactions of 
different factors in complex systems. Feedback loops are an essential element in system dynamics models. Feedback 
loops allow us to observe how a factor indirectly influences itself over the course of time. Feedback loops help us to 
get a better understanding of the dynamics of the system which in turn supports a better decision making process. 
System dynamics can help to visualize and explore the structure and behavior of factors and factor relationships 
related to wind energy sustainability. Various factors are related to more than one of the sustainability pillars, having 
environmental, social, and economic effects or combinations of these. The complex relationships can be captured 
through system dynamics modeling. 
5. Causal model background
Causal models support system dynamics and provide a graphical representation of the factors and relationships 
between the factors. Causal models are a qualitative modeling technique14. Causal diagrams capture the major 
feedback relationships between factors within a model. These models are dynamic representations of hypotheses 
about how the factors interrelate. Causal models help to better communicate and provide an understanding of system 
behavior to individuals. 
Causal models are composed of elements (factors) and arrows (relationships). The type of relationship between 
factors is either increasing or decreasing and is illustrated by a positive or negative sign respectively (+ or -) at the 
arrowheads.  Additionally, a complete loop can also be given a sign reflecting a positive or negative feedback.
6. Wind energy causal model
A wind energy causal model was developed to provide a better understanding of the various factors and the factor 
relationships associated to wind energy sustainability as well as to serve as an aid for decision makers to analyze the 
impacts of their decisions. 
Detailed literature reviews and an analysis of wind energy sustainability, including previously developed 
renewable energy causal models15, 16, 17, 18, 19 were used to identify factors related to the economic, social and 
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environmental sustainability pillars associated to wind energy projects. The wind energy sustainability causal model 
presented in this paper is limited in scope to factors related to the installation, and operation and maintenance phases 
of wind energy projects. The developed causal model considers wind energy within a country. The causal model has 
been developed for understanding onshore wind energy system sustainability. 
Figure 1 represents a subset of an overall wind energy sustainability causal model. The entire causal model is not 
presented given limitations of this paper and the size of the causal model. The causal model subset shows key wind 
energy factors associated to economic, social and environmental sustainability pillars. Factors in this model are 
interrelated and may be part of more than one sustainability objective (social, economic and environmental) 
category. Section 6.1 of the paper discusses the causal model factors. Section 6.2 discusses factor relationships.
Fig. 1. Wind energy sustainability causal model (subset)
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6.1. Wind energy causal model factors and definitions
The wind energy installed capacity refers to the theoretical maximum capacity of a wind energy system based on 
the number of wind turbines installed in the system. The number of wind turbines represents the total number of 
wind turbines in the system. Wind power generated is the amount of electric power generated by a wind energy 
system. Amount of electricity available for use refers to the total amount of electricity, independent of the type of 
source, available for use in a country. Level of energy security refers to equitably providing available, affordable, 
reliable, efficient, environmentally benign, proactively governed, and socially acceptable energy services to end 
users. Wind energy installed capital cost is the amount of investment required to develop a wind energy system. 
Wind energy operations and maintenance cost represents the operation and maintenance costs of a wind energy 
system. This includes land lease cost, labor wages and material, and levelized replacement costs. Profit is the 
amount remaining after wind energy total costs are deducted from total revenue. Wind energy total cost represents 
the sum of wind energy installed capital cost, and operation and maintenance cost. This cost is a net present value.
The electricity price refers to the average sale price of electricity generated from a wind energy system to 
utilities. Utility electricity price refers to the electricity sale price to end customers. Wind energy population 
resistance refers to general population opposition to wind energy projects. The level of visual impact represents how 
well wind turbines can be seen from the horizon. 
The level of reinforcement of government regulations, standards and policies for energy sustainability indicates 
the severity of government regulations, standards, and policies for energy sustainability efforts. The amount of 
economic incentives for implementing wind technology advances refers to the amount of financial incentives 
available to potential investors to implement new wind energy projects and/or technologies to make them more 
sustainable and efficient. The acquired incentives for wind technology advances is the actual amount of incentives in 
financial form obtained by particular businesses and investors to implement new wind energy projects and/or 
technologies to make them more sustainable and efficient. Level of investor interest refers to the investor interest in
financing new wind energy projects. The number of wind projects represents the total number of wind energy 
projects in a system. The number of new wind projects represents additional wind energy projects added to the 
system. Society awareness refers to the knowledge accumulated in society due to experience with similar projects.
Carbon footprint is the demand on biocapacity required to sequester the carbon dioxide (CO2) emissions from 
fossil fuel combustion20. Ecological footprint represents the amount of land and water area required for nature to 
regenerate the resources used by the wind energy system development20. Energy used for wind energy installation 
and operation is the amount of electricity used in wind energy system installation, and operation and maintenance.
The volume of wind energy water consumption represents the total amount of water needed to install and operate 
the wind energy system. The volume of waste from wind energy installation represents the amount of hazardous and 
nonhazardous waste; this includes industrial waste produced during the wind energy projects installation. The 
volume of waste from wind energy operation and maintenance represents the amount of hazardous and 
nonhazardous waste. This includes industrial waste produced during the wind energy projects operation and 
maintenance.
6.2. Factor relationships
This section walks through the factor relationships between two factors at a time. It also describes whether there 
is an increasing or decreasing relationship between the factors.
The causal model indicates that as the number of wind turbines increases, the wind energy installed capacity 
increases. As the number of wind turbines increases, wind energy installed capital cost increases. As the number of 
wind turbines increases, wind project operation and maintenance cost increases. As the wind energy installed capital 
cost increases, the wind energy total cost increases. An increase in wind energy operation and maintenance cost also 
increases wind energy total cost. An increase in the wind energy total cost increases the electricity price. 
As the electricity price increases, the utility electricity price increases. As the utility electricity price increases, 
the wind energy population resistance increases. As the number of wind projects increases, the society awareness to 
wind energy increases. As the society awareness of wind energy increases, wind energy population resistance 
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decreases. An increase in the wind energy population resistance decreases the amount of economic incentives for 
implementing wind technology advances. 
An increase in the number of wind turbines causes additional multiple effects. As the number of wind turbines 
increases, the volume of wind energy water consumption, energy used for wind energy installation and operation, 
volume of waste from wind energy installation, and volume of waste from wind energy operation and maintenance 
are each expected to increase. 
As the volume of wind energy water consumption increases, the ecological footprint increases. As the volume of 
waste from wind energy installation increases, the ecological footprint increases. As the volume of waste from wind 
energy operation and maintenance increases, the ecological footprint also increases. As the carbon footprint 
increases, the ecological footprint increases. As the ecological footprint increases, the wind energy population 
resistance increases.
As the energy used for wind energy installation and operation and maintenance increases, carbon footprint 
increases. An increase in wind power generated decreases the carbon footprint. When the wind energy installed 
capacity increases, the wind power generated increases. As the wind power generated increases, profit from the 
wind project increases. As the electricity price increases, profit increases. As the wind power generated increases, 
the amount of electricity available for use increases. As the amount of electricity available for use increases, the 
level of energy security increase. As the wind energy total cost increases, the profit of the wind energy decreases.
As the level of visual impact increases, the wind energy population resistance increases. As the wind energy 
population resistance increases, the level of reinforcement of government regulations, standards and policies for 
energy sustainability increases. As the level of reinforcement of government regulations, standards and policies for 
energy sustainability increases, the amount of economic incentives for implementing wind technology advances 
increases. As the amount of economic incentives for implementing wind technology advances increases, the 
acquired incentives for wind technology advances increases. As the amount of economic incentives for 
implementing wind technology advances increases, the level of investor interest on financing new wind projects 
increases. As profit increases, the level of investor interest also increases. As the level of investor interest increases, 
the number of new wind projects increases. As the wind energy population resistance increases, the number of new 
wind projects decreases. As the acquired incentives for wind technology advances increases, the number of new 
wind projects also increases. As the number of new wind projects increases, the number of wind projects in the 
system increases. As the number of wind projects increases, the number of wind turbines increases.
The causal model includes seven major feedback loops. For the purpose of understanding, one of the feedback 
loops is shown in figure 2. This feedback loop includes level of investor interest, number of new wind projects, 
number of wind projects, number of wind turbines, wind energy installed capacity, wind power generated and profit. 
As the figure illustrates, as the level of investor interest increases, the number of new wind projects increases. As the 
number of new wind projects increases, the number of wind projects increases. As the number of wind projects 
increases, the number of wind turbines increases, as the number of wind turbines increases, wind energy installed 
capacity increases. As the wind energy installed capacity increases, the wind power generated increases. As the 
wind power generated increases, profit from wind energy system increases. As the profit increases, the level of 
investor interest increases, closing the feedback loop. This loop is a reinforcing loop and it represents the dynamics 
of the wind energy system development over the course of time. 
Fig. 2. Feedback loop example
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7. Causal model validation process
The purpose of the validation process is to ensure that the factors and factor relationships represented in the 
causal model are a reasonable representation of the system. The validation process ensures that key factors, 
appropriate factor definitions and unit of measurement, factor relationships, and appropriate cause-effect direction 
between factors are validated. The model validation process includes the following steps:
x Develop a validation presentation and a validation package to provide to validators. The validation package 
explains the validation purpose, introduces the causal model, and presents the wind energy sustainability causal 
model, including model figures and detailed model description information, a table describing factor definitions 
and units of measurement, and a table describing factor relationships. A set of questions to be answered by 
validators is also included.
x Identify validators to help with the causal model validation.
x Present validation package to validators.
x Validators review package and provide feedback.
x Review and analyze inputs from validators.
x Modify causal model based on validator recommendations.
The validation process requires approximately two hours to be completed by a validator. Furthermore, an initial 
presentation is given to validators. The purpose of the presentation is to introduce the package and ensure validators 
understand how factors and factor relationships are illustrated in the model, understand factor definitions and units 
of measurement, and the nature of factor relationships (+ or -). Subsequently, the validator will answer the questions 
in the validation package.
Validator inputs are reviewed and analysed to determine if model changes are necessary or a better explanation is 
required to let experts understand what the model is trying to illustrate. The causal model, factors and factor 
relationships are updated to ensure a clearer and more robust perspective of wind energy system sustainability. 
Validation results so far have resulted in modifications. Example of modifications are changes in some of the 
definitions for certain factors, such as, the amount of economic incentives for implementing wind technology 
advances  and  the volume of waste from wind project installation factors. 
8. Summary and future work
Wind energy sustainability is an important concern for energy decision makers. Systems thinking enables us to 
understand what are the different factors and factor relationships in wind energy at the system level related to 
sustainability. Systems thinking allows us to get a holistic understanding of the system and provides a better 
understanding of its behavior.
System dynamics, a system thinking modeling approach, was used to identify and explore the factor and factor 
relationships related to wind energy sustainability. A causal model was developed. Causal models are qualitative 
models used as part of system dynamics. Causal model validation is underway. The validation process ensures that 
factors and factor relationships represented in the causal model are a reasonable representation of the system. A 
validated causal model will serve as a basis for the development of a wind energy sustainability system dynamics 
simulator.
The causal model will be an input to develop a system dynamics simulator. The purpose of the simulator is to 
help decisions makers understand the system dynamics associated to wind energy sustainability and use this 
knowledge to make informed decisions. Examples of inputs to the model include number of wind turbines, cost of 
turbines, volume of waste from wind energy installation, and volume of water consumption. Outputs will include 
ecological footprint, profit, and population resistance.
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